When studying the physical properties and technological parameters of aluminum-based alloys and composites, some partial tasks, connected with the microstructure of the material bulk, pose a problem for established microscopic techniques. The topography and distribution of submicrometer sized precipitates and of segregations on the particle/matrix interface, for example, are difficult to observe by conventional methods of transmission and scanning electron microscopy. The introduction of a high-resolution low-energy mode into the scanning electron microscope, relying on the deceleration of an already formed and focused primary beam just in front of the specimen, enables one to browse over the full electron energy range with great ease. This method offers added value consisting of the diminished interaction volume of electrons, the favorable combination of secondary and backscattered electron signals emitted at increased yields and collected at extremely high efficiency and the availability of unconventional contrasts excited by slow electrons. Demonstration experiments have been performed on structures based on the Al-Mg-Si alloy, and oriented towards examination of the Mg-Si precipitates in the alloy and sub-micrometer spinel crystals growing on the matrix-ceramic interface in a composite filled with alumina particles.
Introduction
Aluminum-based alloys and composites are finding an extremely wide range of applications in many industrial branches that seem to keep expanding, e.g. the automotive industry. Al-Mg-Si alloys of the 6000 series have been provided for the body sheets of vehicles in view of their low weight, good formability and good corrosion resistance. Aluminum or Al-alloy-base/ceramic composite materials are also interesting for the higher wear resistance, improved strength and higher heat resistance they exhibit in comparison to conventional alloys.
Investigation of both the physical properties and parameters important for technological use of aluminum-based materials requires examination of microstructure elements as regards the properties of the individual features as well as their spatial distribution. Electron microscope methods are traditionally employed for this purpose-both transmission electron microscopy (TEM), including its high-resolution version enabling one to locate individual atoms and scanning electron microscopy (SEM) for observation of adequately processed surfaces. Generally, however, both TEM and SEM provide only 2-D information, with the third dimension projected into the acquired data in various ways that are not always straightforward.
The thin sections for TEM observation are prepared quite laboriously, and in many cases it is difficult to visualize the details representing the desired structure property and to avoid their being eclipsed by other details. If a structural element that repeats a great many times in 3-D in random orientations is to be studied, it is easy to come to misleading conclusions when observing only thin sections on transmission. In this case SEM examination is often more successful, in spite of the generally lower image resolution available. Appropriately prepared surfaces can better reveal the situation in the third dimension, and mutual orientations of features, not exceeding a few micrometers in size, can also be visualized. However, significant obstacles in a conventional SEM experiment with primary electrons (PE) of an energy of the order of tens of keV include their large interaction volume and the low yield and collection efficiency of secondary electrons (SE) as the prominent image signal.
If the features under examination do not protrude above the mean surface and the PE released secondary electrons (SE1) exhibit only small local variations in emission yield, the SE2 electrons excited by backscattered electrons (BSE) may dominate in the image. The information carried by SE2 originates in nearly the entire upper half of the interaction volume far exceeding the nominal instrument resolution in size, so the micrograph does not provide well-resolved visualization of tiny features. On the other hand, when small 3D objects even fully protrude from the surface, their perception may not be authentic under unfavorable angular acceptance of the detector.
The precipitation process that increases mechanical strength is of crucial importance to the thermal, electrical and mechanical properties of the Al-Mg-Si alloy. It is well known that coherent and/or semi-coherent precipitates, as the equilibrium b-Mg 2 Si phase or related metastable phases, provide strength in age-hardenable Al alloys [1] .
Ceramic particles/Al alloy-based composite materials have been investigated in order to study how various particles influence the mechanical strength, microstructure and aging responses of the matrix alloy [2] [3] [4] [5] . The formation of reaction products on the interface between the Al 2 O 3 particles and the aluminum matrix in the Al 2 O 3 /Al-Mg-Si composite is particularly important, because these reaction products affect the material hardness. It has been shown that an Al 2 O 3 /Al-1.0mass%Mg 2 Si alloy composite achieved lower peak hardness during age-hardening than a matrix alloy with no content of Al 2 O 3 [5] . Elemental analysis performed in TEM with an energy-dispersive X-ray spectrometer (EDS), combined with examination based on the selected area diffraction patterns (SADP), identified the products as MgAl 2 O 4 (spinel) crystals [3] [4] [5] . MgAl 2 O 4 particles were obviously formed during the casting or extruding process in the preparation of this composite material and were found to reduce the magnesium content in the matrix. In order to enhance understanding of this process, it is desirable to know in detail the morphology of the spinel crystals and the orientation relationships between Al 2 O 3 and MgAl 2 O 4 [6] .
The two microstructure analysis problems described above represent excellent examples of the kind of tasks posing difficulties to classical electron microscopy methods, for which reason they were chosen to demonstrate the capabilities of the scanning low energy electron microscopy method [7] . Preliminary results have appeared in conference proceedings [8] .
The scanning low energy electron microscope
In scanning electron microscopes the image resolution is usually measured as the edge width in micrographs of test specimens, most often gold islands formed on a carbon substrate. However, trends and dependences are better discussed in relation to a mere primary spotsize, thereby avoiding the contribution of the specimen, which broadens the information source proportionally to its scattering power. The spotsize can be estimated using approximate analytical equations [9] ,
with
C and d D are the discs of spherical, chromatic and diffraction aberration, respectively, I is the beam current, b is the gun brightness, a is the specimen-side angular aperture of the primary beam, C S and C C are the coefficients of spherical and chromatic aberration, respectively, DE is the energy spread in the primary beam, l is the electron wavelength, and K S , K C and K D are numerical factors dependent on the model of spot formation. In a standard SEM the ultimate spotsize, achieved with an optimum angular aperture of the primary beam, extends with decreasing beam energy proportionally to E À3/4 [7, 10] .
This simple power function appears at low electron energy, more distinctly at lower beam current. Steep deterioration of the image resolution prevents one from using a conventional SEM at energies below a few hundred eV, even if the specimen is immersed in the strong magnetic field of the objective lens in order to minimize aberrations. The reason for this is the increase in the chromatic and diffraction aberrations at low energies. The adverse effect might be compensated with an objective lens exhibiting the main aberrations, C S and C C , proportional to the electron energy, ideally to E 3/2 . This is, of course, not the case for conventional electromagnetic lenses that have energy-independent aberration coefficients. The conventional SEM is characterized by beam energy constant throughout the column from the gun anode plane up to the specimen. The compound or immersion objective lens, composed of a retarding field element (electrostatic lens) and a standard focusing lens, decelerates the electron beam passing through it. When used as the SEM objective lens, it offers total aberrations decreasing with increasing retardation ratio, i.e. with the decreasing energy of electron impact on the specimen. If the electrostatic lens is a certain working distance from the specimen, the low limit for both C S and C C is proportional to this distance [11] . If, however, one electrode of the retarding lens is the specimen itself (known as a cathode lens), the aberrations keep decreasing down to the lowest energies. The SEM equipped with a cathode lens is hereinafter referred to as the SLEEM (scanning low energy electron microscopy) mode.
Simple analytical calculations [12] showed that if both C S and C C are developed into series according to electron energy, the first terms are proportional to E or to the inverted field strength in the cathode lens. The higher terms are then proportional at least to E 3/2 , so they do not contribute towards lowering the resolution at low energies. As a result, we get a spotsize slope as E À1/4 at the worst, limited purely by the cathode lens, while with focusing lenses of higher aberrations the spotsize might be nearly energy independent.
The above mentioned energy dependences of the spotsize, amounting to E À3/4 and E À1/4 for the conventional and SLEEM modes, respectively, are valid if the optimum angular aperture is separately adjusted for each electron energy applied. However, in practice, a particular diaphragm is usually inserted into the column and micrographs are taken at various landing energies of electrons. In the conventional SEM mode any change in the primary energy requires that all optical elements are readjusted. In modern instruments this procedure is computer controlled and sometimes the original ray diagram is fully restored, including the beam aperture. In this case, some other control algorithms adjust a different aperture according to a formula aimed at permanently optimizing the image quality and perception. However, in the SLEEM mode we use a fixed primary energy and hence the angular aperture remains constant for a given diaphragm. For a fixed aperture, the energy dependence of the spotsize differs above and below an energy threshold at which the aperture chosen is just the optimum one. At energies below the threshold the slope is E À1 and E À1/2 for the conventional and cathode lens mode, respectively. Beyond the threshold the slope always becomes smaller, specifically amounting to E À1/2 in the SEM mode, while in the SLEEM mode we do not get any simple power curve [7, 10] . The parameters entering eq. (1) are normally not released to users of commercial instruments, so in order to illustrate the trends discussed in this paragraph we have to use some estimations. In Fig. 1 the energy dependences of the spotsize are shown for C S ¼ 10 mm, C C ¼ 12 mm, I ¼ 5 pA, b ¼ 10 5 A cm À2 sr À1 and DE ¼ 2 eV-this data is likely to be similar to the true parameters of the microscope used (see below). The angular aperture a was either determined as the minimum of the function d P (a) (the optimum aperture) or fixed at 8 mrad. Figure 1 shows that the simple power proportionalities are met at the margins of the range plotted, while smooth transitions appear at the center. Notice that the SLEEM mode was considered with a primary energy of 10 keV and hence from that point on the SEM curve the 'SLEEM curve' proceeds with its more favorable spotsize vs energy slope, and continues down to the lowest energies.
Further advantageous properties of the SLEEM mode include the high collection efficiency of the signal owing to the collimation of emitted electrons toward the optical axis into a beam that may be more easily transported to the detector. The whole energy spectrum of electron emission, ranging from zero to the landing energy of the primary beam, is shifted to higher energies by the specimen bias. Thus, the decisive energy difference between SE and BSE, which is normally utilized to separate the two signals, is either not so effective or almost entirely ineffective, and hence a mixture of both signals is acquired in a more or less balanced ratio. This circumstance may appear favorable in distinguishing some low-contrast specimen details, or adverse under some other conditions.
Experiments

Instrumentation
The cathode lens assembly can be introduced into the great majority of commercial SEM instruments by means of the insertion of an anode of the cathode lens below the objective lens and high-voltage insulation of the specimen and its connection to a high-voltage supply of very high stability [13] . The most successful of the solutions proved so far, shown in Fig. 2 was used in adapting the Hitachi S-3500H SEM at the University of Toyama to the SLEEM method. The insulation distance between the detector and the specimen, adjustable by the z-movement of the specimen stage, was rated to 1.5-2 kV mm À1 in the cathode lens, which corresponds to between 5 and 7 mm of the anode/cathode distance at a primary beam energy of 10 keV. The detection element, a single crystal of yttrium-aluminum garnet (YAG), was prepared with a central bore of 300 mm in diameter. The SEM equipped with a cathode lens is operated at a fixed standard energy of 10 to 15 keV and any lower energy of electron impact on the specimen is adjusted by means of negative specimen/cathode bias. Even large variations in the landing energy are accompanied by only moderate refocusing and possible re-correction of astigmatism [7, 10, 13] .
The cathode lens field collimates the emitted electrons so that the great majority of them impinge on the active detector area. With the cathode lens not excited, the elastic BSEs at the landing electron energy exhibit a collection efficiency of $30% [7] . When the specimen is biased, the BSE collection increases to very near 100% at 1 keV, stays at this level down to $50 eV and then decreases. The collection of SE starts near to 100%, progressively decreases to about 65% and remains there down to very low energies. With an untilted specimen, the signal 'beam' is detectable down to units of eV and fully escapes detection through the detector bore at a landing energy of a mere 1.1 eV [7] .
The attachment, based on the configuration given in Fig. 2 , was designed with facilities for fine adjustment in all three axes and the whole assembly is retractable by 110 mm in order not to interfere with other detectors when not in use. Alignment of the detector to the optical axis is required, but this is greatly facilitated by the upper crystal surface also being active, so that the central bore is visualized on the microscope screen at high contrast.
In Fig. 3 , we see the results of testing the image resolution by means of a standard gold/carbon specimen. For both SEM and SLEEM modes the micrographs were all acquired at a working distance of $8 mm, which is needed to incorporate the cathode lens. The resolution was taken as the edge width between 25 and 75% of the signal increase at the margin of a gold island. In the SEM mode the slope of the plot seems nearer to E À3/4 proportionality, valid for the aperture kept at its optimum value for each energy, than to E À1 for a constant aperture. This indicates that the angular aperture of the beam is probably being altered by the control software when the acceleration voltage is changed. In the SLEEM mode the resolution vs energy plot is quite flat down to 30 eV, a behavior that resembles the constant aperture curve for the estimated configuration parameters.
Resolution testing was performed down to a 30 eV landing energy and quality micrographs were even obtained at 10 eV. At units of eV, sufficiently precise adjustment of the uniformity of the retarding electrostatic field would require a specimen stage equipped with two independent, mutually perpendicular specimen tilts.
The measured image resolution should correspond to aberrations of the objective lens. These parameters are not available in the device documentation but can be approximately deduced from the nominal resolution, which amounts to 3 nm at 25 keV. This ultimate value is to be achieved at a working distance of 3 mm, so the measured 6.1 nm at an 8 mm working distance and 25 keV energy is completely acceptable.
The micrographs of specimens of the aluminum-based alloys and composites were recorded with the frame acquisition time of 95 s. As regards the typical beam current, the manufacturer's data indicate a value around 10 nA but in practice the currents probably remain in the low order of nA units. No facility was available for measurement of the beam current.
Specimens
The basic Al-1.0 mass%Mg 2 Si (0.63mass%Mg, 0.37mass%-Si) alloy was prepared from 99.99% Al, and 99.9% Mg and Si pure ingots. The alloy was rolled into a 1-mm thick sheet, heated for 60 min at 848 K, quenched in chilled water and Fig. 2 Configuration of the cathode lens inserted beneath the objective lens of a conventional SEM instrument. The coaxial bored single crystal of the yttrium-aluminum garnet (YAG) plays the role of the anode of the cathode lens, the detecting element and the limiting diaphragm. Fig. 3 The image resolution, measured as a 25/75 edge width on a standard gold/carbon testing specimen, for Hitachi S-3500H adapted to the SLEEM mode. Electron energy dependences are plotted for the original SE mode with the ET detector (SEM) and for the SLEEM mode, and compared with the calculated curves from Fig. 1. age-hardened for 60 min at 673 K. Some specimens were also prepared with an excess 0.4% of Mg and processed in the same way.
The composite material of 4 vol.% Al 2 O 3 /Al-1.0 mass%Mg 2 Si alloy was prepared by the press method using pre-packed Al 2 O 3 particles (Sumitomo Chemical). The mean diameter of Al 2 O 3 particles was about 1.5 mm. The prepacked Al 2 O 3 particles were put into a steel mold and the molten basic alloy was injected using a press machine through a small aperture. The mold was rapidly cooled by a water jacket from its bottom. The obtained billets of f 30 mm and 50 mm in length were hot-extruded into a bar with 10 mm diameter and then cut into thin discs. These discs were solution heat treated at 848 K for 60 min, quenched in chilled water and then aged at 473 K for 400 min. The final samples were prepared by electrolytic polishing using a mixture of perchloric acid and ethanol.
Results and discussion
With sizes of 100-500 nm the MgAl 2 O 4 crystals are comparable with the thickness of sections suitable for TEM observation, so there is nearly no chance of visualizing complete crystals together with an area on the Al 2 O 3 surface sufficient in order to identify the mutual orientation relationship. It is clearly impossible to compare situations on different facets of ceramic particles or to compile any kind of distributions. These tasks are obviously reserved for SEM observation on a well-prepared surface with the ceramic particles together with spinel crystals protruding out of the metal matrix.
In Fig. 4 we see a confrontation of the fundamental types of SEM signal from the specimen in question. Even at a moderate primary beam energy of 10 keV the spinel crystals can be identified in the SE image (Fig. 4a) but the interaction volume for signal generation is still too large so the SE2 contribution prevents good reproduction of the sharply faceted crystal shapes. Quite naturally, the situation is much worse with the BSE image signal (Fig. 4b) where the contrast is also very low owing to the small differences between the mean atomic number of MgAl 2 O 4 and Al 2 O 3 . In Fig. 4c , taken using the SLEEM mode, the MgAl 2 O 4 crystals are well identified, including their shapes and the shapes of the facets on the ceramic particles, which indicate their orientation.
In Fig. 4c the landing energy of electrons was 3 keV. In order to evaluate the capabilities of the SLEEM mode installed in a 'medium-class' device, the same specimen was also observed at low electron energy in a 'top-class' device, a cold-field-emission gun equipped SEM (HR SEM hereinafter), with a nominal resolution of 1 nm at 15 keV and 2.2 nm at 1 keV. In Fig. 5a the SE image from this microscope is shown as detected at 5 keV primary energy by the conventional 'lower' Everhart-Thornley (ET) type detector, side-attached to the specimen stage. The diminished interaction volume, along with the very fine spotsize, enable one to observe the spinel crystal shapes in full detail. However, for the given instrument the signal-to-noise ratio (SNR) in the image is rather low owing to the low collection efficiency of the ET type detector, whose extraction potential penetrates only slightly inside the cathode lens.
A much higher SNR is provided by the 'upper' SE detector (Fig. 5b) to which the signal electrons are transported by means of a magnetic field penetrating outwards from the objective lens, together with auxiliary fields in the lens bore, arranged to deflect the signal beam from the optical axis to the detector situated above the objective lens. The exact trajectories of the signal electrons in this system have not been published, but it is obvious that the upper detector receives the great majority of the SE emitted. High SNR also produces an improved resolution, so the crystal edges are very sharp. However, successful extraction of signal species, even from the inclined facets of crystals, washes out all contrast between them so they are totally flat and their 3-D shapes cannot be recognized.
The upper detector's ability of collecting a major part of the emitted SE in HR SEM is common also to the SLEEM detector according to Fig. 2 , so one might be afraid of losing Fig. 4 A cluster of round alumina particles with sharply faceted spinel crystals grown on their surfaces, imaged in (a) SE mode atthe contrast of crystal facets in its images. However, Fig. 5c controverts this, providing information about crystal shapes on a level comparable with that in Fig. 5a , obtained by means of a much more expensive instrument. The explanation for this should be sought in some residual selectivity of the SLEEM detector that does not catch the on-axis electrons escaping through its bore, in combination with the BSE contribution to the contrast between differently inclined facets.
Observation of Mg-Si precipitates in the Al-1.0mass%Mg 2 Si alloy has hardly proved possible at the usual SEM energies of 10-20 keV (Fig. 6a) . The precipitates may be identified at low contrast but their shapes cannot be recognized. In Fig. 6b , acquired in the SLEEM mode at a landing energy of 1600 eV, the precipitates are not only well observable in the correct shapes, but can even be sorted according to additional details.
The correct reproduction of the precipitate shapes at low energies is easily explained by the size of the interaction volume. In Fig. 7 , these volumes are compared against simulated trajectories of electrons scattered within the specimen for both landing energies of the electrons that are used in Fig. 6 . Obviously, the SE2 contribution to the image signal at 20 keV prevents any sharp edges of precipitates, whether cubic or elongated, from appearing in the SE micrograph. At 1600 eV the interaction volume of the electron beam is already small enough for rectangles of 200-500 nm in size to be reliably observed.
The image parameters at 1.6 keV are much better in the SLEEM mode than in the original SEM mode (Fig. 3) . However, in addition to this, two types of precipitates are identified in Fig. 6b : the first type has pronounced white 'frames', while the second shows only thin frames. Moreover, after a few days of storage the second precipitates, along with some irregularly outlined neighborhood, are covered with an emerging dark layer. This layer is so thin that energy-dispersive X-ray analysis (EDS) does not provide any reliable data for it and only the increased surface sensitivity of slow electrons enable one to reveal this coverage. One might consider the second type of precipitate to be more reactive and hence covered with an island of oxide layer earlier or to a greater extent.
EDS data taken at 20 keV electron energy for the individual precipitates could only be acquired at low accuracy, owing to their small dimensions-the information producing volume also incorporates a large surrounding of the precipitates. It appeared reasonable for the point analysis Fig. 5a and b are the only ones acquired with an instrument different to that described in this paper. The alumina particle in Fig. 5c is not identical to that in Fig. 5a and b. performed at the precipitate sites to register only the ratio of the Mg content to that of Si. The precipitates numbered in Fig. 6b as 1 to 4 give Mg/Si ratios of 1.11, 1.16, 0.73 and 0.83 . Hence the Mg content in the first precipitate type is 1.5 times larger than in the second type. This result fits well with the conclusions of other studies aiming at determining the chemical composition of precipitates [15] . We have mentioned above that the equilibrium phase in the Al-Mg-Si alloy is the b-phase (Mg 2 Si). The cube-shaped phase has also been reported by several authors for the Al-Mg-Si alloy with excess Mg and for quasi-binary alloys, and the question as to whether it represents a precursor for the b-phase or not [16, 17] has been discussed. The chemical composition of this cube-phase was studied by energy filtering TEM, and it has been discovered from EELS, EDS and elemental maps [15] that there is a cube-phase having a ratio of Mg/Si of not only 2, but also 3. It has been suggested that some possibility exists for variations in the chemical composition during transformation from the cube-phase to the correct b-Mg 2 Si phase according to the relevant equilibrium phase diagram.
Further confirmation of the added value offered by the SLEEM mode was attempted by acquiring the micrograph series shown in Fig. 8 , acquired from the excess-Mg specimen. Here the standard SE image at 10 keV is compared with BSE at the same energy and with the SLEEM image taken at 1.6 keV. Again, both types of precipitates distinguished above can be identified here, with examples marked by circles. A comparison of Fig. 8a and b enables one to observe how the SE image resolution deteriorates due to SE2 contribution to the SE image, which is identically laterally distributed as the BSE signal. However, the mere decrease in electron energy is not sufficient to obtain the information presented in Fig. 8c . While below 10 keV the contrast progressively disappears and the resolution deteriorates, at the primary energy of 1.6 keV the precipitates, owing to their small size and low contrast, cannot be visualized at all. However, there are no signs in lower energy SE images of emergence of additional contrasts obvious in the SLEEM micrographs such as the 'framing' of precipitates.
Both the encircled features in Fig. 8, i .e. two cube-shaped precipitates of a similar size, are suitable for a broader comparison of the two precipitate types. The EDS data indicated a higher Mg content in the first type, i.e. a lower mean atomic number. Here, the first type exhibits higher emission in both SE and BSE images with the higher brightness in SE at least partially caused by enhanced SE2 emission excited [14] , with a 500 nm wide precipitate. by BSE. One can conclude that the increase in backscattering is not due to a material contrast but it may be due to more favorable crystal orientation of the precipitate. It is known that the yield variations with the angle of incidence relatively to lattice planes (the 'crystal orientation contrast') apply preferably to BSE emission and their influence grows at low energies [18] . Regrettably, the effect of diffraction condition on the contrast of the precipitates could not be further examined by tilting the specimen, which is not possible with the specimen serving as an electrode of the cathode lens. However, the framing of precipitates does not appear in the BSE signal so this information is obviously delivered by the SE1 contribution to the SE image, which dominates at low energies, and might originate from local variations in the work function. These phenomena require further examination, which should also take into account possible presence of localized islands of thin surface films created by etching and/or corrosion.
Finally, in Fig. 9 we see that the SLEEM observation at lower magnification might be used for compiling statistical distributions of the precipitates, with possibilities for distinguishing between the two types. In this micrograph we also see many bright features without any frame-these are ascribed to precipitates located very near beneath the specimen surface and already demonstrating themselves in the electron emission.
Conclusions
The adaptation of the SLEEM mode to scanning electron microscopy has proved itself very fruitful in solving important tasks in the development and examination of aluminum-based alloys and composites.
When taking micrographs around 1 keV of electron energy, much better resolution and an image signal around one order of magnitude higher are obtained in the SLEEM mode in comparison to the standard SEM mode. Already at this energy the microscope performance is enhanced to a level well comparable with that of a cold-field-emission gun equipped top-class device. Both calculation and measurement of the image resolution showed that in the range of hundreds and tens of eV the SLEEM mode clearly scores over all conventional type SEMs existing so far as regards image parameters.
In the SLEEM mode important details, such as the shapes of the MgAl 2 O 4 crystals growing on the interface between alumina particles and Al-Mg-Si alloy in the metal-matrix composite, and of the Mg-Si precipitates in the same alloy, can be reliably observed in full detail. The micrographs of these structures obtained are of a significantly higher quality than those acquired by means of conventional SEM modes. The added value of the method also includes the provision of information normally not available-this was demonstrated here by the recognition of two types of Mg-Si precipitate in the scanned images.
